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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.
Accordingly, criteria have been developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual components of this work are issued as separate monographs as soon as they are
completed. A list of all monographs published in this series can be found on the last pages of
this monograph.

These monographs are to be regarded as guides to design and not as NASA requirements,
except as may be specified in formal project specifications. It is expected, however, that the
monographs will be used to develop requirements for specific projects and be cited as the
applicable documents in mission studies, or in contracts for the design and development of
space vehicle systems.

This monograph was prepared for NASA under the cognizance of the NASA Goddard Space
Flight Center with Scott A. Mills as program coordinator. Principal authors were Richard B.
Noll of Aerospace Systems, Inc. and Dr. Michael B. McElroy of Harvard University. The
Technical Director was Mr. John Zvara of Aerospace Systems, Inc. This monograph is based
on a draft manuscript prepared by Y. S. Lou of Northrop Services, Inc. His efforts which are
included in part are gratefully acknowledged.

Comments concerning the technical content of these monographs will be welcomed by the

National Aeronautics and Space Administration, Goddard Space Flight Center, Systems
Reliability Directorate, Greenbelt, Maryland 20771. )

December 1974
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MODELS OF MARS'
ATMOSPHERE (1974

1. INTRODUCTION

The purpose of this monograph is to provide atmospheric models for support of design and
mission planning of space vehicles that are to orbit the planet Mars, enter its atmosphere, or
land on the surface. The atmosphere affects the orbital lifetime, the flight dynamics of
the vehicle along its flight path, and the performance of the vehicle and its major subsys-
tems. For design of experiments, knowledge of the Martian atmosphere is required to select
instrumentation and establish the range of measurements.

Quantitative data for the Martian atmosphere have been obtained from Earth-based observa-
tions and from spacecraft that have orbited Mars or passed within several planetary radii.
These data have been used in conjunction with existing theories of planetary atmospheres to
predict other characteristics of the Martian atmosphere as discussed in reference 1. Because
of limited observational data, it was necessary to extrapolate within the limits of applicable
theory to establish reasonably complete model atmospheres. Earth-based observations have
generally provided information on the composition, temperature, and optical properties of
Mars with rather coarse spatial resolution, whereas spacecraft measurements have yielded
data on composition, temperature, pressure, density, and atmospheric structure with moder-
ately good spatial resolution.

The models herein provide the temperature, pressure, and density profiles required to per-
form basic aerodynamic analyses. The profiles are supplemented by computed values of
viscosity, specific heat, and speed of sound. These ambient values and the calculated aerody-
namic forces influence flight dynamics and space vehicle design; i.e., configuration, size,
strength, and materials. Other characteristics are inferred from the measured data that also
affect design. For example, electron densities of the ionosphere and the plasma character-
istics in the region of the solar wind may dictate requirements for electromagnetic shielding.
Also, opacity of the atmosphere caused by dust storms could constrain the design of landed
sclar power systems and may adversely affect performance of experiments.

This monograph provides a set of engineering models for the Martian atmosphere on the
basis of theory and measured data available in July 1974. It replaces NASA SP-8010 of May
1968 (ref. 2). Data from US and USSR space exploration have narrowed considerably the
range of parameters in the lower atmosphere in comparison to the 1968 monograph. The
four model atmospheres developed herein include a model for a dusty atmosphere, a
nominal model for a clear atmosphere, and two other models that encompass reasonable
extremes of exospheric temperature.

Design criteria monographs on other planets, Earth environments, and space technology are
listed in the last pages of this monograph.



2. STATE OF THE ART

The need for information on the Martian atmosphere that could be used to develop atmo-
spheric engineering models for spacecraft design purposes was recognized in the middle
1960s te.g. refs. 3.4, and ). Continuous observation of Mars from Earth, particularly by
radio and radar astronomy, and the successful flvby mission of Mariner 4 in 1965 provided
new information which was incorporated into improved models such as prosented In
reference 2. Since the publication of reference 2, knowledge of the Martian atmosphere and
of the plunet itselt has undergone many changes. The most significant information came
from the Mariner 6. 7, and 9 experiments. The revised Mars engineering models for the
Viking Project (ref. 6) were developed on the basis of new findings from Mariner 6 and 7
missions.

Although the Mariner 9 mission did not provide in-situ measurements of the Martian atmo-
sphere such as obtained from Venus spacecraft missions (ref. 7), the spacecraft was placed in
orhit around Mars on November 14, 1971 and provided a remarkably successful record of
plancetary conditions over a moderately long time bhase. Multispectral sensing devices were
used to observe Mars on u global basis and permitted a determination of atmospheric
characteristios as a function of spatial position, local time, and season. As a result, it is now
possible to reduce significantly the uncertainties inherent in spatially- and time-averaged
models,

2.1 Atmosphere

For discussion of engincering models, the Martian atmosphere is divided into lower and
upper regions as shown in figure 1. Reference 8 provides an overview of the impact of
Muriner 9 on the knowledge of Mars as well as a useful reference chart. Reference 9 gives a
more detailed account. The following sections briefly describe the current status of informa-
tion for the parameters needed to construct model atmospheres.

2.1.1 Lower Atmosphere
2.1.1.1 Surface Pressure

Modern studies of the Martian atmospheric pressure began in 1963 with the spectroscopic
study of Kaplun, Munch. and Spinrad {ref. 10). Subsequent spectroscopic results were re-
ported In references T through 150 Of particular interest is the work by Grandjean and
Goody (ref. 15) who used the observation of carbon dioxide (CO» ) to determine the rela-
tionship between the surface pressure and the total volume fraction of CO>. The full
significance of this result was not appreciated because of the then prevailing theories that
favored high values for atmospheric pressure. Goody (ret. 163 noted that the assumption of
a pure €O, atmosphere led to a lower limit tor the surtace pressure of 13 mb. Another
analysis made by Belton and Hunten trefl 12y gave 5.5 2 0.5 mb. Low pressure was also
derived by Musman tref. 173 and Evans (refl 183 from Martian ultraviolet albedos. Musman
used an albedo for the total dise obtained photoelectrically by de Vauvouleurs (ref. 19).
With assumptions of no absorbing atmospheric constituents, no particles in the atmosphere



" o — ]

300 — EXDSPHERE

UPPER
ATMOSPHERE
i

10NOSPHERE
i

|

200 :
THERMOSPHERE

]
_______ —}— —— TURBOPAUSE

!

ALTITUDE ABOVE MEAN SURFACE (km)

100

STRATOSPHERE !
LOWER

ATMOSPHERE

TROPOSPHERE
| | [
[ 100 200 300 200 500

TEMPERATURE (K}

Figure 1.—Atmospheric Regions of Mars.

that might contribute to the albedo, and a surface reflectivity of zero, Musman calculated a
surface pressure of 27 mb for a pure Ny atmosphere and 19 mb for a pure CO; atmosphere.
On the other hand, Evans found surface pressures of 6 * 3 mb for pure COy, 9 + 4 mb for
pure nitrogen (Ny), and 12 £ 6 mb for pure argon (A) atmospheres on the basis of an
ultraviolet spectrum from 2400 to 3600 A that was obtained by an Aerobee rocket.

Through a careful examination of spectroscopic measurements, Wood (ref. 20) concluded
that the values of the surface pressure on Mars fall between 5 and 7 mb except for two
measurements which yielded pressures of 4.4 mb and 8.0 mb. Wood derived a mean Martian
surface pressure of 5.3 mb on the basis of spectroscopic measurements of CO, abundance.

Additional information on the atmospheric pressure was obtained from Mariner 4, 6, and 7
occultation experiments in which changes in the frequency, phase, and amplitude of the
S-band radio signal during passage through the atmosphere of Mars, were observed immedi-
ately before and after occultation by the planet. Analysis of these effects yielded estimates
of the refractivity and density of the atmosphere near the surface, the scale height in the
atmosphere, and the electron density profile of the jonosphere. From these data, surface
pressure was estimated in the 4.2 to 8.0 mb range (refs. 21 through 26).

The most recent results for surface pressure were derived from both ground-based observa-
tions and Mariner 9 experiments. Absorption of COy in the Martian atmosphere (from
which the partial pressure of CO, can be inferred) was measured from Earth by means of a
multislit spectrometer in 1969 (ref. 27) and in 1971 (ref. 28). These measurements, which



provided moderate spatial resolution. covered about three-fourths of the circumference
from 40"N to 2078 latitude in 1969 and almost all of the surface from 40°N to 60°S in
1971, The results of these measurements were in general agreement,

An occultation experiment similar to those of Mariner 3. 6. and 7 was conducted on Mariner
9 (ref. 291 The results were similar to the previous occultation results even though the
measurements were made at a time when the entire planet was shrouded by a dust storm.
This storm obscured the surface at wavelengths ranging from the ultraviolet to the infrared
(ref. 300 Unlike carlier Mariners, Mariner 9 was placed in orbit around Mars so it provided
ovcultation measurements over various regions. Measurements made in the equatorial re-
gions resulted in an average surface pressure of about 4.95 mb without taking into account
minimum and maximum measurements. The minimum surface pressure of approximately
28 mb was measured i the Phoenicis Tacus region of the Tharsis ridge area as well as o the
Claritas arca at approximately 345 S Latitude. The highest surface pressure of 8.9 mb was
measurad at the bottom of the i%s:i Las depression.

Surfuce pressures at about 65N latitude were considerably higher than those in the
cqiiatorial region. Pressures ranged from about 7.2 fo 103 mb o with 3 mean value of
approximately 8.9 mb. The pressures derived from Mariner 9 occultation data are in
agreement with Farth-based spectroscopic results of reference I8,

The difference in surface pressures shown by the spectroscopic and occultation results
correlates with the topography of Mars.® Radur observations and spacecraft occultation
experiments prior to 1969 showed that the elevation difference on Mars was about 12 km
trefs. 31 through 343 References 350 36, and 37 indicated elevation variations of about 14
kKm. However, recent topographic estimates that have been derived from occultation. radar,
spectral. and optical measurcments show a range of elevations from 4 ki below the mean

surfuce in Hellas depression to an altitude of 28 km on Olympus Mons as shown in figure
5 s

The surface pressure data achieved by the Mariner 9 occultation cxporiment strongly suggest
that the physical shape of Mars is substantially more oblate that it gravitational
cquipotential surface and is approximated by a triaxial ellipsoid (ref. 38). Optical
measurenients of Mars indicate that ihs shape iy an clipsoid with an equatorial radius of
3395 ¢ 3 kmoand a polar radius of 3371 5 3 km tref. 390 Farth and Mariner 9 observations
were combined to vield ellipsoid z‘;;gi;; of 340012, 3393 19 and 3375 45 Em %% The mean
cauatorial rudius of Mars determined from combined radar data is 3394 ¢ 2 km tref. 301

*Hesbdes varletion with toparraphy, seasenal satiation o surface pressure by 1 1o 20 peroent b imbicated in orecent
stindy by PN Woloeshs i, “Global Seasonat octuations on Mas” oo 72 Jaly 1974,
L Christensen, “Martien Topopraphy Derived from Occnltation, Radar, Spected and Opticed Meswurements,”
Brarnsd of Guophs sieal Hosessoh, o be published in ety 1975,
B Cain el ol TApprosimations o the Mesn Surfoce of Mars and Man Atmoesphere Diing Mariner 9 Occubtations.”
Chupter 37 of Muriner Murs 1971 Project Dinad Report, vol IV et 91, Fuly 15, 1973, pp. 3495395
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Tahle 1
Composition of the Martian Atmosphere

{ref. 40}
Constituent Abundance (cm atm)*
CG, 7800
CO 56
G, 104
H,O ~ 3, variable
%‘ig ~04
83 ~10*
N, <400
A + inert gases <1560
50, <3x 107}
N,O <200
CHg, <10
CoHa, <2
CoHg <1
NH, <2
NO, <8x 10"

*These values give the abundance of esch gas sccording 1o 11s thuckoess i om f spread evenly aver
the plonet. The urdoom density w8 that Tor stundied Tempeature and pressure 0 C and 760 mm

2

Hal 1 om atmois eguivadent 1o 3 1 ocon thichness and contains 268 » 1673 molecules'm®.

2.1.1.2 Composition and Molecular Mass

Present knowledge of the composition of the Martian atmosphere is based on spectroscopic
observations and on theoretical deductions that certain gases are present. Additionally, the
polarization and occultation measurements provide information on the fotal amount of
gases. Table 1 from reference 40 Hsis the abundances of all the observed and assumed
constituenis,

A Mujor Comtituents

Of the expected major constituents (N>, CO2 L and Ay, only CO»> has been observed spectro-
scoptcatly. The amount of {02 reported Hes within the range of 30 to 90m-atm (rofs. 10,
12041 through 463, and the arithmetic mean of CO> abundance for the ten best moasure-
ments wias 72 meatm frel 63 A current value b 78meatm frefl 305 On the basis of the
observed spatial variations of total pressure, one would expect similar spatial variations for
{0,

A smal amount of nitrogen may be present in the Martian stmosphere even though it was

not detected by the ultraviolet spectrometers on the Mariner 6, 7, and 9 spacecralt, From
Muriner 6 and 7 evidence that the jonosphere of Muars contains (€ }3”} wns, Gouody {ref. 47

4



noted that the amount of nitrogen present in the Martian atmosphere must be jess than ten
percent or else the ions would be OH* and CO*. Dalgarno and McElroy (ref. 48) estimated the
maximum mole fraction of N, relative to CO, must be less than five percent on the basis of
an analysis of dayglow data. It has been suggested (ref. 6) that the presence of one percent
nitrogen may be assumed for the purpose of calculating radio blackout phenomena.

The possibility of potassium compounds near the surface of Mars led to the long-held
assumption that the Martian atmosphere contains some argon associated with the produc-
tion of potassium 40 by radioactive decay. The amount of argon in the Martian atmosphere
is probably small. Recent studies (refs. 25 and 49 through 52) all confirm that CO; is the
only major constituent; inert species other than argon can account for at most ten percent
of the total atmospheric mass.*

B. Minor Constituents

Besides water vapor and dust, minor identified constituents are CO, O, , and O;. Water
vapor was first detected spectroscopically by Spinrad, Munch, and Kaplan (ref. 53}. An
analysis of the line intensities gave an average abundance 6f 14 = 7 um precipitable water
over the entire planet. Other findings for H, O were reported by Dolifus (ref. 54) who gave
value of 45 um precipitable water, the highest determination, and by Schorn et al. (ref. 55)
who estimated an abundance of 10 to 20 um precipitable water from study of the lines of
H, O near 8200A with a new high-dispersion spectrograph during the 1964-65 apparition.
The mean relative humidity of the Martian atmosphere may be as high as 50 percent (ref.
56).

Seasonal and latitudinal variations of water vapor content have been reported by Tuil
(ref. 57) who found that during the period from the middle summer to the middle autumn
the amount of precipitable water vapor reached as much as 48 um in the northern hemi-
sphere and 20 um in the southern hemisphere. Schorn et al. (ref. 56) reported that more
precipitable water vapor was found in the northern hemisphere in the northern midspring
and more in the southern hemisphere in the northern midsummer.

Water vapor was identified conclusively from spectra obtained by the infrared interferom-
eter spectroscopy (IRIS) experiment on Mariner 9 (ref. 37). The total H, O content was
determined from a quantitative comparnison of observed and synthesized spectra. This com-
parison indicated the abundance of water vapor at 10 to 20 um of precipitable water. Water
vapor data from the IRIS experiment are compared to Earth-based observations (refs. 58
and 59) in figure 3. The data shown by the dashed lines were made concurrently with the
IRIS data. Latitudinal gradients were not found to be significant from the South pole to the
equator. The 1971 Earth-based measurements and IRIS data are in general agreement;
however, Earth measurements in previous years during similar seasonal conditions indicated
larger amounts of water vapor. Results from the 1.38 um water vapor band experiment on
the USSR Mars 3 indicate substantially lower water vapor amounts (ref. 60) although the
reason for an actual discrepancy is not clear.

*Reported detection of considerable amounts of an inert atmospheric gas by the recent Soviet lander is discussed by G. P.
Wood in NASA TM X-71999, August 1974,
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The average abundance of water vapor determined by IRIS was lower than values observed
during previous oppositions. It is theorized that this could result from an unusually large
amount of water trapped in the north polar cap (water vapor was not detected over the
north polar hood) or that the large dust storm in late 1971 could have resulted in the
adsorption of water vapor on the dust particles.

When Mariner 9 entered into orbit of Mars on November 14, 1971, the entire planet was
shrouded by a dust storm. Thus, dust must be considered as a likely atmospheric constitu-
ent. Comparison of Mariner 9 observations of the brightness of the dust storm with resuits
from a simple multiple scattering theory (ref. 61) leads to an albedo of about (.7 for the
particles. This is consistent with values for Martian surface albedo obtained from Earth-
based measurements. Therefore, the mean size and composition of the dust storm particles
appear to be similar to those for particles on the Martian surface. The mean particle size of
surface material has been estimated as 100 um in references 62 and 63 and between 10 and
300 um in reference 64.

Because mineralogical characteristics determine the spectral position of absorption and
transmission maxima (e.g., ref. 65), it is possible to infer the dust composition from Mariner
9 IRIS results. An empirical comparison of these data with laboratory fransmission spectra
of mineral dust indicates a SiOy content of 60 * 10 percent (ref. 37).

Other identified minor species of the lower Martian atmosphere are carbon monoxide (CO)
detected by Kaplan et al. (ref. 49), oxygen (O2) observed by Carleton and Traub (ref. 66),
and ozone (O3) measured by Lane et al. (ref. 67). Both CO and O, should be well mixed
throughout the lower atmosphere of Mars. Their abundances are 5.6 cm-atm and 10.4
cm-atm, respectively.

Ozone was observed by the Mariner 7 ultraviolet spectrometer experiment at the Martian
south polar cap during its late spring season but nowhere else (ref. 68). Results from a
similar experiment on Mariner 9 (ref. 67) also indicated the presence of O3 in the Martian
atmosphere during the southern summer season. In the foregoing observations, ozone was
detected only in the polar region north of 45°N, but it was subsequently detected in the
southern hemisphere with the approach of the autumnal equinox. The presence of ozone
appears to increase as the amount of water vapor in the atmosphere decreases (ref. 67).

There are upper limits for the abundances of formaldehyde (HCHO), carbonyl sulfide
(COS), ammonia (NH,), methane (CH,), and oxides of nitrogen such as NO,, N, 0y, NO,
N, O, and HNO, . Theoretical models (refs. 28 and 69) indicate expected densities for
H,0,, H,, H, OH, and HO, species that play a major role in the chemistry of the Martian
atmosphere.

C. Molecular Mass

From Mariner 4 occultation data, Spencer (ref. 70) has shown for a mean temperature above
the occultation point of 140 to 180 K, the allowable mean molecular weight could range
from 33.1 to 50. Similarly, Hess and Pounder (ref. 71) indicated that although the mean
molecular weight estimated from the Mariner 4 data is between 33.2 and 39.2, a range of

9



31.2 to 44 is consistent with reliable spectroscopic data. More recently, both Mariner 6 and
7 occultation experiments indicated that the molecular weight of the Martian atmosphere is
close to 43 (refs. 23 and 24). Thus. the more recent data interpretations strongly favor a
CO; rich atmosphere in which CO» accounts for at least 90 percent of the total atmospheric
PSS,

2.1.1.3 Temperature

Numerous theoretical models have been developed to describe the thermal structure of the
Martian atmosphere (e.g.. refs. 720 73, and 74y, These analvses are generally based on
assumptions of radiative, convective, and conductive equilibrium for the Martian atmosphure
and surface. One recent analysis (ref. 73) also includes absorption of solar energy by a
grey atmosphere such as might be caused by the global dust storm of 1971, These theoreti-
cal techniques are in general accord and demonstrate variation of temperature with latifude
and season.

The vertical temperature structure of Mars has been determined from occultation experi-
ments on Mariner 4 (refs. 21, 22, 76, and 77). Mariner 6 and 7 (refs. 23 and 243, and
Mariner 9 (refs. 29 and 7%) and from the Mariner 9 1RIS experiment fref. 373 Oceuliation
results from Mariner 6 and 7 were compared 1o a revised model of the analysis developed by
Leovy in reference 74 (ref 79). Predictions by this model of the Martian atmospheric
characteristivs at the time of the Mariner 6 and 7 flybys (ref. 80) were in excellent agree-
ment with observed data. ® Mariner 9 RIS results obtained during the global dust storm did
not correlate well with the theoretical analvses for a dust-free atmosphere. However,
Mariner 9 results were in reasonable agreement with the model of a dusty atmosphere
presented by Gierasch and Goodyv {ref. 734

The 20,000 spectra from the Mariner 9 IRIS experiment indicated temperature variations
with latitude, scason, local time. topography, and secular events such as the global dust
storm (refl 373 Figure 4a shows variation with Iatitude and local time during the dust storm
at altitudes of about 10 km (2 mb pressure level of the atmosphere). For the period after
the dust storm. figure 4b shows cooling of the atmosphere and shifting of the maximum
temperature toward the subsolar point at the same altitudes. The isotherms were con-
structed from data averaged over 10 degree bands of latitude and one hour intervals in
Martian Jocal time. The diurnal variations of 15 to 30K were larger than expected from
theoretical predictions.

At the surface, figure 3%% shows variation of temperature with latitude and local time
during and after the dust storm (reft 37). Maximum temperatures occurred near the subsolar
point at both times with litde change in the maximum.

mantcatron from YOS50 ew, Neathtop Sensiees, Ines, Huntsille, Alshona,

;s o~ e the fempersfure on the surface. There b Luge tempersture drop i the firdd meter obose the surface
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this thin Lo or
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Temperature profiles obtained from the Mariner 6 and 7 occultations are shown in figure 6
(ref. 24). The profiles are uncertain at high altitudes because of uncertainties in the motion
of the spacecraft and in the refractivity of the ionosphere. These data indicate an extremely
cold region in the middle atmosphere with a subadiabatic lapse rate of about 3.5 K/km.
Mariner 9 occultation results reported in reference 29 were obtained during the global dust
storm. Measurements at beginning of occultation were made in the equatorial region and
measurements near the end at about 65°N latitude in the Martian early morning during
midwinter. Therefore, the near-surface temperatures of 150 to 160 K obtained at the end of
occultation were noticeably lower than at the beginning. Typical temperature profiles ob-
tained from Mariner 9 IRIS are shown in figure 7. The cooling of the atmosphere as the dust
storm diminished is evident; however, in all cases the lapse rate remained subadiabatic (ref.
3N.

2.1.1.4 Winds {Atmospheric Dynamics)

Information concerning Martian winds has been obtained from observation and theory. The
observational input comes largely from the study of the motion of cloud systems in the
Martian atmosphere although useful information has also been derived from analysis of
temperature maps made by the IRIS instrument on Mariner 9. The theoretical work is based
generally on the application of standard meteorological principles (ref. 81).
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Observational studies of Martian clouds have a lengthy history. Ground based observations
by Kuiper (ref. 82 and de Vaucouleurs (ref. 19) established the potential of the technique
as a remote monitor of dynamic activity. They drew attention to a variety of interesting
circulation phenomena. Their concepts have been followed in Mariner 9 experiments. The
imaging experiment on this spacecraft provided superior spatial resolution and afforded an
excellent opportunity for careful study of Martian meteorological phenomena (ref. 61).

A Muariner 9 Resulis

Mariner 9 arrived at Mars during g planet-wide dust storm that altered meteorological

conditions drastically. Dust was lifted 1o altitudes above 30 km (ref. 613, This vertical

exfent reguires strong winds and cirendation: these can he attributed to alterations in the

temperature structure because of dust content. The effect of dust on heating was shown by

the unexpectedly high atmospheric temperatures observed by Mariner 9 experiments. These

high temperatures in conjunction with their nonuniformity in horizontal directions {refs. 37
i

and U5y can mduce vertical circolation in two wavs tref bl 1

Iy the diurnal variation of the heating can drive a large-scale circulation capable of
completely overturning the stmosphere cach day, and



2) if large-scale horizontal variations in dust content of the air occur, the dustier
regions will be heated relative to their surroundings and will develop larger vertical
velocities,

Golitsyn (ref. 83) has deduced that a dust storm can result in a cyclonic vortex with thermal
winds (velocity changes) of about 40 m/s. For the upper part of the atmosphere where the
temperature gradient is reversed, an anticyclonic vortex should arise. Thus, the dust storm
can generate strong winds that can raise new dust from the surface. Sagan (ref. 84) con-
cludes that wind velocities of 100 m/s and perhaps as high as 150 m/s are required to raise
the dust to the observed altitude.

The effect of the large observed diurnal variations in the atmospheric temperatures during
the global dust storm of 1971 on tidal winds was considered in reference 37 and extended
by Pirraglia and Conrath (ref. 85). Temperature fields derived from the Mariner 9 IRIS
experiment were used as input data to solve the surface pressure tidal equation and subse-
quently to estimate the velocities of atmospheric winds. The derived wind fields are shown
in figures 8 and 9. The resulting diurnal winds near the surface beyond 30°N and S (fig. 8)
have amplitudes of the order of 20 m/s. These winds could not sustain the dust storm unless
augmented by the polar symmetric fields or orographic wind fields. The 70 to 100 m/s
zonally-symmetric winds in the latitude belt between 30°N and 30°S could contribute to
the lifting of dust into the atmosphere.

Photographs from Mariner 9 (ref. 61) also revealed local dust storms. In one case, the storms
appear to be associated with a strong southward movement of cold air following a cold front
at an apparent speed of 15 m/s. These highly-convective local storms carried dust as high as
15t0 20 km.

The Mariner 9 pictures also revealed a variety of additional features of the Martian mete-
orology. Photographs of the clouds comprising the North polar hood (north of 45°N) indi-
cated that those clouds move in a manner that is characteristic of cold fronts and associated
baroclinic wave cyclones in the Earth’s atmosphere. Cloud bands were observed in the
region between 45 and 65°N during the winter season. These clouds which have 30 km
wavelengths are indicative of gravity waves that are generated by flow over irregular fopogra-
phy. Wave orientations and positions in respect to the topography show that west-to-east
winds prevail in this region. Because of the static stability of the Mars atmosphere at this
time (ref. 37), it was inferred that a deep layer containing westerly winds with speeds of at

least 55 m/s lies above the wave-generating region (ref. 61).
B. Theoretical Studies

Information from Earth-based Martian cloud observations was used as a direct input for the
theoretical study of atmospheric circulation (ref. 86) in which the presence of a wave-type
circulation regime was found. A value of 100 m/s or more was obtained for the maximum
surface wind and 13 m/s for the maximum large-scale vertical wind. The average zonal winds
were about 25 m/s and average meridional winds about 1.3 m/s.

A comprehensive theoretical investigation of general circulation on Mars by Leovy and
Mintz (ref. 87) included calculations of wind velocities for the northern vernal equinox and

15
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Figure 10. — Calculated Mean Zonal Component of Wind — Top of Surface
Boundary Laver at Summer Solstice {ref, 87},

southern summer solstice. Their results for the southern summer solstice indicate that the
meridional component of mean wind has 1 strong circulation across the equator. This
meridional flow has a speed of 10 mfs with the southerly wind at high altitude and the
northerly wind near the surface. Its effective region is between 25°N and 30°S latitudes. As
a result of this flow pattern, the air mass is being trunsferred from the diminishing polar cap
to the growing polar cap. The zonal component of the mean wind at near surfuce is
Hustrated in fNigure 1) where the casterly and westerly winds are plotted against lutitudes.
The mean flow in the summer hemisphere is expected 1o be stable and nearly undisturbed.
For the winter hemisphere, however, the mean flow becomes unstable. Leovy and Mintz
also found that the maximum instantancous near-surface wind speed oceurs at 20°S latitude
and that the average speed of the extremely strong winds at 15 km altitude at 40°S is about
70 mls

The diurnal variation i wind velocity for a clear atmosphere has been explored by Goody
(ref. 471 Goody pointed out that the diurnal variation of wind because of temperature
changes is complicated by varisBions in tropopause height and eddy exchange coefficient
and by the unknown behavior of the atmospheric tidal energy. The magnitude of this
thermally-driven diumnal change of wind is estimated to be 2 m/s {refl 88y However, the
diurnal fluctuation in the vertical momentum exchange can cause g diurnal variation in wind
velooity as large as the zonal wind itsell, which has g mugnitude of 40 m/s {ref. 88y

Lurge scale motions are known to have a significant coffect on the atmospheric vertical
temperature structure te.g, refs 89 through 923 Dynamic processes including baroclinic
waves, vertival oscillations such as induced by topographic relief, and vertical oscillations at
altitude were studied trefl 931 These processes were shown to modify temperature structure
predicted by radiative-convective model in such a way as to provide an oexplunation of the
observed cold middle atmosphere {ref. 37) that was not predicted by the less complete
modcels.
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The vertical wind vector gradient in the Martian atmosphere has been investigated by Wood
(ref. 20) who took the results of wind component at two levels provided by Leovy and
Mintz and assumed a linear variation of wind with height. His analysis indicates that the
vertical wind vector gradient is positive from the {op of the surface boundary laver to 15 km
altitude and negative for the altitude region above 15 km. The magnitude of the vertical
wind vector gradient has been suggested to be 6 m/s-km for space vehicle design (ref. 94).

2.1.2 Upper Atmosphere

The only measurements that pertain directly to conditions in the upper atmosphere of Mars
are the electron density profiles obtained from Mariner 4, 6, 7, and 9 and the ultraviolet
airglow data obtained from Mariner 6, 7, and 9 and the USSR Mars 2 and 3. Therefore,
engineering models for the upper atmosphere must rely on a variety of theoretical studies
and inferences derived from limited data. The range in the models, however, has been
narrowed considerably by spacecraft results.

2.1.2.1 lonosphere

There has long been speculation that Mars has an ionosphere with a structure similar to that
of Earth. A scientific discussion of the upper atmosphere of Mars, however, has only been
possible since the successful experiment of Mariner 4. More information has been provided
by Mariner 6, 7, and 9 experiments.

The formation of the Martian ionosphere and interpretation of electron number density
data acquired from Mariner experiments are based on Earth analogy. As with the terrestrial
atmosphere, the photoionization process on Mars is expected to form an ionosphere. The
height and extent of the Martian ionosphere are complex functions of the season, solar
activity, and time of day. In the uppermost regions of the atmosphere, the number density
of the molecules is too low to produce an appreciable electron density. At lower altitudes,
electron density is limited by attenuation of the ultraviolet radiation in the atmosphere and
large electron recombination rates from increased density.

It has been concluded (ref. 20) that the electron number densities in the Martian ionosphere
should not be large enough to affect radio communication to and from a lander on the
surface. For spacecraft atmospheric entry, electron densities are not considered significant
even behind the bow shock wave that forms by compression of the solar wind’s magnetic
field against the ionosphere (ref. 95).

A. Electron Density Data

Figure 11 shows the distributions of electron number-density in the Martian ionosphere
from Mariner 4, 6, 7 and 9 (refs. 25, 29, and 97). The maximum electron densities are much
lower than expected at altitudes of 120 km from Mariner 4 measurements, 135 km from
Mariner 6 and 7 measurements, and 135 km from Mariner 9 data. This indicates a lower
atmospheric temperature than anticipated.

The measured maximum electron density was 10° ¢m™ from Mariner 4 when the solar
activity was low and the solar zenith angle was large (67°). The Mariner 6 and 7 measure-
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ments gave a maximum clectron density of 1.7 x 105 ¢cm™ when the solar activity was

higher than in 1965, The Mariner 9 data shown are for revolution 12 at a solar zenith angle
of approximately 357 A< the solar zenith angle decreased in subsequent revolutions. the
clectron maximum was observed to occur at lower altitudes and to be of greater density
(ref. 204

B Mujor Constituents

The major ton in the Martian fonosphere is jonized molecular oxygen, 3, *_ This has been
inferred from a combination of iboratory experiments and analysis of Mariner 6 and 7 data
(ref. 975 0,1 is generated by the reaction of atomic oxygen ions, O with carbon dioxide.
(O, . Figure 12 is a theoretical model of the Martian ionosphere that shows the relative
densities of the principal constituents at different altitudes. For a concentration of one
percent atomic oxyeen, the ratio of O, ¥ 1o CO, Vs approximately 3 to 1 trell 98).
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C. Models

A preliminary one dimensional model for the interaction of the Martian ionosphere with the
solar wind was presented by Cloutier et al. (ref. 99). Their model predicted a major
depression of the ionospheric scale height that was associated with the pressure of lost shock
solar plasma which was assumed to stream subsonically into the Martian upper ionosphere.
The validity of the one dimensional model was not supported, however, by subsequent
spacecraft results. More recent theoretical models have attempted to remove the one dimen-
sional limitation.

Cloutier and Daniell (ref. 100) considered a model in which the magnetized solar wind acted
as a dynamo over the day side of the planet. In this model the distribution of currents
entering the ionosphere through the plasmapause was considered carefully. The location of
the plasmapause was fixed by a requirement that the total ionospheric current must be of
sufficient magnitude to cancel the shock-compressed interplanetary magnetic field. This
requirement led to an estimated height of 320 to 425 km for the plasmapause.

An alternate model for the outer ionosphere was discussed by Bauer and Hartle (ref. 101).
They noted evidence from the USSR spacecraft Mars 2 and 3 (ref. 102) for a weak intrinsic
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magnetic fickd on Mars that could be of sulficient strength to balance the dyvnamic pressure
of the solur wind at a height of asbout 1000 km. The distribution of phsma inside the
muagnetosphere would be controlled in large measure by the convective electric ficld induced
by the solur wind except below 300 km where chemical processes are more efficient than
clectradynamicallyv-induced mass motion. A schematic llustration of the plasma flow pat-
tern s given in figure 13 from reference 101 Bauer and Huartle estimated o plasmapause
height of about 300 k.
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Figure 13. — Solar Wind-Induced Convective Flow
Pattern for Mars {ref. 101},

From the foregoing models. therefore, one could conclude that because of interaction with
the solur wind, the Martian onosphere should terminate effectively between 300 and 450
km. the predicted range of altitudes for the phsmapause. One expects also that the solar
wind should mmduce significant departures from photochemical cquilibrium in the iono-
sphere at high Intitudes and at large solar zenith angles: there are indications in the Muariner 9
cta frefs T8 and 103y that these departures may have been observed.

2.1.2.2 Neutral Atmosphere

Mariner 6, 7. and 9 carried ultraviolet spectrometers o measure radiations emitted by
atamiv hvdrogen and alomic oxveen frefs, Y8 and 104y The measured airglow spectrum is
churacteristic of an ewsentially pure U0, atmosphere. Almost all of the observed emissions
were produced by the action of solar ultraviolet radiation on U0, . Mars 2 and 3 also carried
experimentis fo measure altraviolet emissions of the atmosphere tref. 1050 The Marniner
results showed the presence of carbon monoxide (€O, atomic carbon, atomic hvdrogen,
and atomic oxveen {rel 80 The amount of atomic hydrogen at 133 km was caleulated to
be one part per mithon {ref. oy and the amount of atomiv oxygen at the same altitude s
about one pereent {refl 1071
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The density of atomic hydrogen at 200 km was calculated to be 3 x 10* atoms cm™3 (ref.
106) on the basis of Mariner 6 and 7 data. The temperature at the top of the Martian
thermosphere (fig. 1) was determined to be 350 K from Mariner 6 and 7 data (ref. 108),325
K from Mariner 9 data (ref. 109), and about 250 K from Mariner 4 data. The higher
temperatures are associated with the higher values of extreme ultraviolet (EUV) radiation
that occur in high-activity periods of the solar cycle.

Photodissociation of CO, , electron-impact dissociation of CO,, and dissociative recombina-
tion of CO, T all produce atomic oxygen in the Martian upper atmosphere (ref. 98). Theore-
tically, it could be expected that atomic oxygen would be a dominant species; however,
analysis of ionospheric profiles suggests that oxygen abundances at the ionospheric peak are
less than ten percent, which is consistent with the one percent result of reference 107. The
observed concentrations of O indicate that mixing processes must be exceedingly efficient in
the upper Martian atmosphere. It may be estimated that the turbopause is located at an
altitude as high as 150 km.

The major uncertainties in neutral densities of the upper atmosphere relate to the location
of the turbopause and the abundance of light constituents 0O, N,, CO, and He at the
turbopause. Calculated densities for several known constituents are shown in figure 14,
which is based on Mariner 6 and 7 observations (ref. 98). The turbopause in these models
was set at 100 km. The amount of CO and O, in the model was based on the results of
ground-based observations, that is, less than 0.1 percent for CO (ref. 49) and slightly more
than 0.1 percent for O, (ref. 110). The expected low abundance of N, is discussed in
section 2.1.1.2.

Theoretical attempts have been made to calculate temperatures for the upper Martian atmo-
sphere with observed values for the flux of solar ultraviolet radiation and reasonable esti-
mates for the rates of key chemical reactions. The resulting theoretical models tend to give
temperature values that are higher than values of temperatures derived from analyses of
ionospheric profiles and airglow data. For example, one theoretical thermal model (ref. 111)
yielded an exospheric temperature of 487 K on the basis of Mariner 4 (solar flux) data (July
1965) as compared to 300 K that was derived from electron scale height by Stewart and
Hogan (ref. 112). The difference was attributed to difficulties in estimating EUV heating
efficiency and flux (ref. 111). An exospheric temperature of 500 K for July 1969 that was
inferred from the electron scale height determined from Mariner 6 and 7 data (ref. 96) can
be explained by greater EUV in 1969 than in 1965. It appears that the discrepancies may be
removed by inclusion of eddy transport in the theoretical models although definitive results
have not yet been reported.

2.1.3 Clouds
Clouds have been observed from Earth and have been verified by Mariner 6, 7, and 9
experiments, especially by television pictures. The cloud features are usually referred to as

yellow, white, blue, and an ill-defined “blue haze”.

The observed yellow clouds are generally considered to be associated with dust storms.
Storms of local extent may become global, as observed by Mariner 9 in late 1971. The
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global storm of 1971 extended from the surface to as high as 30 km. Particle size has heen
discussed insection 20120

Stationary clouds have been observed from the Farth and in Mariner Y pictures over farge
calderas and other high topographical features (ret. 303 These white clouds begin to
brighten in the carly afternoon and continue to brighten until they disappear over the
afternoon Hmb (ref. 1135 These clouds have been correlated with features in the Tharsis,
Olvmpus Mons, and Flysium regions. The timing of the clouds” appearance and their
relationship to very high topography indicates that they may be formed by lifting of heated
air from the surrounding lower terrain. These clouds may e between 8 to 10 km above the
surface and contain water ice el T4 Water ive also has been detected in the spectrum of
the north polar hood (ref. 113,

Another layer of white clouds has been identificd in the polar region between about 3 and
30 km trefs Ton which are generated in @ wave configuration by flow over irregular
topography. Topographic clouds persist north of 33N during the northern late winter
season. Two of the wave-cloud systems seen in Mariner 9 pictures near the periphery of the



north polar hood have been seen repeatedly from Earth and were detected by Mariner 6 and
7 (ref. 117). Mariner 6 and 7 measurements revealed reflection features near 4.3u that are
characteristic of solid CO, (ref. 118); however, from a combination of Mariner 9 imaging
and IRIS data, it has been argued that most of the clouds observed between 45 and 60°N
are composed mostly of water ice (ref. 116).

Brightness profiles and pictures from Mariner 9 indicate a cloud layer between 45 and 65
km. The layer is much bluer than the underlying dust (ref. 30). The clouds were observed
near the 0.02 mb pressure level and had an estimated thickness of not more than 2 km. In
the South polar region, it is suspected that water ice is the principal constituent and the
clouds over the North polar hood appear to be composed of CO, ice, and possibly water ice.

A “blue haze” has been observed, but its location in the atmosphere and its properties are
unknown. Surface details on Mars generally are clearly seen in any light of wavelengths
greater than 4500 to 4550 A, i.e., red or yellow light. The Martian “blue haze” is a diffuse,
variable phenomenon that occasionally clears and allows surface features to be observed in
blue light, sometimes described as “blue clearing”. The haze itself, which is probably a
high-altitude layer, is not blue but extinguishes solar blue light reflected from the Martian
surface although transparent to longer wavelengths of light. When the effects of observa-
tional selection are removed, some workers believe that there is some correlation of blue
clearing with favorable oppositions. The evidence is not compelling, however, because blue
clearings have been observed also at unfavorable oppositions or several months from opposi-
tion and on small topographical scales of Mars down to the limit of telescopic resolution.

Some authorities discount the hypothesis that the “blue haze” is produced by scattering of
light by condensed particles. They suggest that the “blue haze” and its occasional clearing
may result from selective absorption of light by solid particles in the atmosphere. Others
have suggested that interaction of solar wind protons with the CO, of the atmosphere
causes the “blue haze” by producing molecular ions (CO, 1 and CO™") that have strong
absorption bands in the required energies. These hypotheses are all speculative, however.

2.1.4 Gravity Field

If Mars is considered as an oblate spheroid, its gravitational potential function can readily be
developed in a spherical harmonic series. Truncation after the first two terms gives the
gravitational potential function as {ref. 119):

GM
¢R,0)=7-[1-1 (Rg/R)* P?]
and the radial acceleration of gravity as

d¢ _ GM

g:*§R —‘R‘—g [1-3] (RE/R)Z P;_?]

m which
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a = latitude

Ry = equatorial radius = 339342 1 km
R = distance from center of Mars thm)
GM = 28285 (10 km?s?

i = (.001965 ¢ 0.0000061

The constant J. is a measure of the flattening, = 0.00523 # 0.00003. The foregoing values
are incorporated from Mariner 9 results trefl 1200

The centrifugal correction to the radial component of gravitational acceleration can be
expressed as

F.=w? Reos? 0
where o is the Martian angular velocity, 0.7088218 x 107? radians/s. ,
2.2 Atmospheric Models
2.2.1 Calculation

The models presented in this monograph were generated by the computer program de-
seribed in reference 1210 The program was modified to include a molecular mass subroutine
to hundle the molecular mass variation with altitude, an extended temperature range for the
calculation of the specific heat and the reduced collision integral which appears in the
viscosity relationship, and thermochemical data that allow for the inclusion of atomic
oxveen and atomic hydrogen as component gases.

The basic inputs to the computer program are the temperature profile. the surface pressure,
the nearsurface atmospheric composition and corresponding molecular mass, the planetary
radius. the accelerution of gravity at the planeUs surfuce, and the atmospheric density at the
turbopause. The values for density, pressure. speed of sound, molecular mass, density scale
height. number density, mean free path, viscosity. and pressure scale height as functions of
altitude are calculated with the mathematical relationships given in reference 113 additional
mathematical operations are required to determine the mean molecular mass values above
the turbopause. AN operations satisfy the hydrostatic equation and equation of state. Caleu-
lations account for the variation of gravitational acceleration with altitude throughout the
atmosphere.

2.2.2 Choice of Model Parameters

Models were computed for the Martian atmosphiere to account for uncertainties in atmo-
spheric parameters. Table 2 shows the input parameters for the engineering models of the
Mars atmosphere that have been developed. The lower portion of the atmosphere was based
on temperature profiles determined from spacecraft measurements. In the upper atmo-
sphere. temperature profiles were obtained from reference 122 which was based on the

26



thermal model of reference 108. The upper atmosphere temperature profiles were con-
strained at the lower end by density values at the turbopause and by the temperature
profiles that were adopted for the lower atmosphere. The top of the upper atmosphere
temperature profiles were constrained by exospheric temperatures based on spacecraft data.
The temperature profiles used for the atmosﬁheric models are shown in figure 15.

The adopted temperature profiles near their minima cross the solid-vapor phase boundary
for CO,, beyond which CO, cannot exist as a gas. This discrepancy in the data has not been
resolved in the literature. The adopted profiles represent the data that is currently available.

2.2.2.1 Lower Atmosphere

Temperature profiles for the lower atmosphere have been established by spacecraft measure-
ments (section 2.1.1.3). The mean temperature profile for the clear atmosphere is represen-
tative of Martian mid-latitudes at the mean surface level. The low temperature profile for
the clear atmosphere is derived from polar region measurements given in reference 123. The
high temperature profile for the clear atmosphere is that of Mariner 9, revolution 174 shown
in figure 7. The temperature profile for the dusty atmosphere is taken from revolution 20 of
Mariner 9 shown in figure 7; it is representative of high temperatures encountered during a
global dust storm.

Uncertainties in atmospheric surface temperature and pressure are associated with topo-
graphic differences, latitude, longitude, time of day, and season. The selected profiles
encompass extremes measured by Mariner 9. Computations were initiated at 10 km below
the mean surface level to allow for topographic variation. The composition of the lower
atmosphere was choseri as 98.8 percent CO,, 1 percent N,, 0.07 percent CO, and 0.13
percent O, on the basis of abundances given in table 1.

2.2.2.2 Upper Atmosphere

The lower boundary for the theoretical upper atmosphere is the turbopause. The turbopause
is the altitude below which the atmospheric gases mix in constant proportions; above this
altitude each constituent gas is taken to be in diffusive equilibrium, with number density
decreasing with altitude at a rate that depends upon the molecular mass of the gas and the
ambient atmospheric temperature. The density value at the turbopause was estimated on the
basis of the composition taken for the lower atmosphere and an eddy diffusion coefficient
of 1 x 10® cm?/s. From the turbopause upward the atmospheric composition was modified
by the addition of atomic oxygen O and atomic hydrogen H. The abundance of H was
assumed to be the same for all models, whereas O was chosen as ! percent to obtain a
reasonable minimum density, 3 percent for the mean density, and 10 percent for a reason-
able maximum density. The abundance of CO, was decreased according to the amount of O
and H added. The models of the upper atmosphere are superposed on the lower atmosphere
models at the turbopause.
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TABLE 2.
COMPUTER INPUTS FOR MODELS OF MARS ATOMSPHERE (1974)

| MODEL /
Parameters : : e e
; [ no T v
i- . : 2 i : B
‘Planctary Radius (km) 3394 3394 3394 13394 ,
Surface Gravity {cm/s?) 3718 371.8 371.8 3718
Surface Pressure {mb) 495 4.95 4.95 495
Surface Temperature (K) 2075 182.5 2550 255.0
Composition {% by volume)
Below Turbopause .
co, . 9838 98.8 98.8 | 988
N, 10 1.0 1.0 C1.0
co 007 007 0.07 007 |
0, 013 . 013 0.13 | 013 |
At Turbopause ! %
co, | 958 97.8 88.8 . 958 |
N, .10 1.0 10 10
co . 007 007 = 007 © 007
0, . 013 | 013 | 013 -~ 013
0 . 300 | 100 ~10.00 - 3.00
H 00001 © 00001 : 00001 .  0.0001
Molecular Mass (g/g-mole) }
Below Turbopause | 4382 . 4382 ;. 4382 = 4382
At Turbopause 4298 43.56 l 4102 | 4298
Density at Turbopause (g/cm3) 1.46x10-'2 | 1.46x10°'2 | 1.46x10°'2 ; 1.46x1012
Exospheric Temperature (K) E 350 250 | 500 380 |

The upper constraint on the upper atmosphere models is the exospheric temperature which
is a function of both diurnal heating and solar cycle heating. A value of 250K is used fora
night-side atmosphere with minimum solar activity: SOOK is used for maximum solar activ-
ity and dayv-side exospheric temperatures; and 350K is representative of mean conditions.
The temperature profiles for the upper atmosphere for the different exospheric tempera-
tures are shown in figure 15,
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3. CRITERIA

The engineering models of the Mars atmosphere presented herein should be used for mission
planning and design of space vehicles that are to orbit Mars, descend through the atmo-
sphere, mancuver in the atmosphere, land on the plunetary surface, or conduct scientific
vestigations during a planetary fivby mission. The models should be used for all facets of
space vehicle design induding

Structure

Peceleration system

Propulsion system

Flight control system

Guidance system

Heat shicld and thermal control system
Communication sysfems

Blectronics

Power supply

Mechanical devices

Scientific experiments {equipment and measurement ranges)

The models should be regarded as approximations that are bused on the best available data
and which encompass current uncertainties in the atmospheric parameters. The models are
by necessity relatively general in nature; they are particularly useful for preliminary design
and mission tradeoff studies. In later design stages, after specific missions, orbits, and
lunding sifes are sclected, the range of atmospheric parameters can be significantly reduced
by specifyving geographic location of lundings. orbital parameters of satellites and subsatel-
fites, season of the Martian year, Martian local time, and predicted level of solar activity for
{hat time. H the foregoing information is known, it may be possible o select temperature
profiles from Muariner 9 data that embody the effects of variation 18 1o spatial coordinates,
topography, scason, time of day, and dust storms. The Mariner 9 temperature profiles from
the Infrared Interferometor Spectroscopy $1RI8) speetra will be made available to the scien-
tific community in 1975 through the National Space Science Data Center, NASA Goddard
Space Flight Center{ref, 124

3.1 Atmospheric Models

The engineering models of the Muars stmosphiere are given in tables 3 through 6. Model |}
{table 33 should be considered s the nominal model It is representative of clear atmo-
spheric conditions af mid-latitudes In mid-spring or mid-autumn during periods of moderate
solur activity. Models H through IV {tables 4 through 63 take into account possible eox-
tremes of molecular mass, solar activity, exospheric temperature and atmospheric clarity in
appropriate combinations as shown in table 2. Model 1 (fuble 44 presents a cold fempers-
ture model with a low-density upper atmosphiere. s best applied in the polar regions,
during winter, or for night-time analyses, all at periods of low solar activity, Model HI ftable
5 presents g high temperature model of the clear atmosphere with o high-density upper
atmosphere. I is intended for application in cquatorial regions, during summer, or for



afternoon analyses, during periods of high solar activity. Model IV (table 6) presenis a
temperature model of the atmosphere that can be considered as typical during global dust
storms. Figures 4 and 5 give additional information on temperature variation with latitude,
local time, and the presence of dust.

All models are based on a mean planetary radius of 3394 km which corresponds to 0 km
altitude in the tables. However, to encompass possible extremes of local topography as weli
as variations in local radius, the tables have been extended downward to -10 km which
corresponds to a planetary radius of 3084 km. Thus, if a model is applied to a low area such
as the Hellas region, the tables would be entered at about -4 km or if a high region such as
Olympus Mons is considered, the table is entered at about 28 km (fig. 2).

The four tables were terminated at altitudes where the density falls to 10716 g/cm3 because
the hydrostatic equilibrium assumption upon which these models are based undoubtedly
becomes invalid at greater altitudes.

3.2 Winds

Information on Martian winds was obtained from cloud observations, studies of dust storm
characteristics, and models of atmospheric circulation and tidal pressure. The following
near-surface wind speeds are recommended for space vehicle design purposes.

Surface Pressure
Wind Parameter
4 mb 8 mb
Mean Speed {1 m above surface) 50 m/s 35 m/s
Peak Speed 145 m/s 100 m/s
Vertical Wind Vector Gradient & m/s - km 6 m/s « km

3.3 lonosphere

Observations by Mariner 4, 6, 7, and 9 spacecraft indicate peak electron density in the
Martian ionosphere to be of the order of 10° cm 3. This density should not be large enough
to affect radio communication to and from a lander on the surface. For spacecraft
atmospheric entry, electron densities should not be significant even behind the bow shock
wave which forms through compression of the solar wind’s magnetic field against the
jonosphere. The electron density profiles given in figure 11 should be used in design
configuration analyses.
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3.4 Clouds

Bistinet cloud fovers, identificd by volor, have beon verified by spacecraft television pic-
tures. Clowd characteristios are summuarized below,

Cloud Layer

Remarks

Altitude Above
Mean Surface {(km)

Composition

Yellow Local and globa! dust
storms

White-Low High topographical
features; late afternoon

White-High Wave clouds associated
with irregular topogra-
phy

Biue Principally in polar
regions

Blue Haze Diffuse, variable

phenomenon - usually
visible; rapid changes
in state - random from
opacity to near frans-
parency

0-30

530

Not uniform
over entire
atmosphere;
probably high
altitude

810

45-65

Surface dusy;
16300 um

Water ice

Mostly water ice

Water ice {south

polar region};

CQO, ice and pos-

sibly water ice

{north polar hood}

et e et

Not known;

sources speculative

i

“umd
b



TABLE 3.7
1974 MARS ATMOSPHERE (MODEL I) (MEAN TEMPERATURE PROFILE).

Density Mean Pressure

Tempera- Speed Scale Number Free Viscosity Scale
wre Pressure Density of Sound Malecular Height Density Path (kg/m « si] Height
{K) {mb) {g/em®) {m/s} Weight {km} o3} (m) (E+5) {km}

P 07e5 1 1.085800 . 2.255-05 .. 235 - 43.824 0 10.53.] 4, 470127 2. 22706 1.356 JLI.5%2
ZO7.5 | 1.56I¢01 | 2.£32-0F 235, L3.82G 10.54 | 3.632+17 ] 3,217-35 173 J12.5%
Z07.5 | B.75Z#01 ] 2.225-0% 232. §3.824 10455 | 3405E+17 | .7 g 192 13455
207.5 | Fe245+03 | 1,542-05 230, L3.324 10.56 | 2.538+17 ] 5,713-3A/ 1.78 JL2.5%
207.5 ] 5.992+01.].1.522-05. 237, - 42,824 .| 10458 | 2335417 | B.3LZ-10 135 J13.55
20745 ] 4+ 965+7510 L3.32% 10,59 | 1.735+17 ] 3.3L5-05% 1.3 17,99
207.5 ] 4.112+20 62,526 1 A0LA0 ) 1,.L3T417 ] 1.012-05 1. 051050
207.0 | 3.40E+03 434824 1072 [ 12138417 | 1,245-35 1.3% [13.%9
206.7 | 2u 818430 43,824 10. 23] 9.900+18 ] 1,48 S WI5 J13.55
2045 | 2.335+35 L3824 Ce90 | 8u24E+416 | 1.752-35 1.45% J13.58
E02.3 ] 1.925+01. £3,32%. ] 11,08 | B.E3E+15 ] 2.102-73 1,23 [173.37
192.5 | 1.172+00 463,320 10476 | bauiE+1b ] 3.272-35 37 F.91
185, 0] 7.510-304 ] 63,824 ] 12.24 | 2. 755416 5,782-25. +32. ].3.55.
183,70 ] 4. 132-01 LZ.324 G.83 | L. BRE+LIE | 848 15 <34 9,32
17545 | 2440201 4343240 S9.B1 ] 9.215415 ] 1.4 It 33 9.11.
171.0 ] 1.382-01 §3,A24 QubLl [ 5.845+15 | 246 i 53 3.91
16645 ] Te81E£-02. L3.324 G9.05 ] 3.405+15 ] 4.282-34 L33 ] B.7C
162.3 | 4. 36E-02 43.820 8,91 | 1,0955+15 ] 7.4 Ik W77 3.49
_A1BT.2 ] 24402232 43,8724 ) B.71 1 1.11E+15 1.3 13 <73 | 3,28
152,5 | 1.308-32 43,324 Belslh | B, 17E+14 ] 2.3 33 72 .00
LU4B.0 | 64FLE~T3 ] 2t TN B2L EeZL [ 338E44L ] La2 13 72 7+82
14340 | 3.612~-C3 53.524 2,00 | 1.835+15 ] 7.8 33 A7 758
138.5 | 1.855-03. BT,324 ) Ze73.] GeBT7EH+LI3Z | 1.4%Z-72 255 7.38
134.5 | 9.285~0% 57,824 7+50 15, G22+13 ] 2.887-32 A3 7alu
129.5.] 4.5BE-T4 L HZLB25. ) FeBT ] 2.55E+13] 5.6E2-02 £51 1.5.92
125.3 ] Z.4382-C% LI, B24 7«06 | 1,278+23 ] La1t2-04 » 39 5473
120.9 | 1. d2E~-0% 43,824 | 6482 | B.172Z412 ] 2.367-21 37 Haebs
118.5 | 4.632-35 £3.820 Bab3 | 2.875+12 ] 5403521 Mt He3G
131.2 $3.884% | 6224 [ L.B4E412 ] 1172402 +52 T«LE
162.2 43,824 F+562 |2, 735+41 ] S102+3 3 + 31 F.13
. 221.2 03,374 1 8,52 | BL.25E+10 | 1.7EIFIL. 1,01 112408.
25422 ER S 11,93 1 3.33E+40 ] L.325+431 1.2% [13.87
281.5 L7 .85 13251 | 1.530+10 9.572+51 1.33 113.92
301,53 474337 15426 | 7L FLE+39 | 1,872+22 1.59 }17.34
315.2 41,767 ] 18467 | 4.292+23 | 3.422¢22 1,55 13448
324. 3 43,374 17.77 | 2. 405+3G ] 5.962432 1+59 13,57
. 333.04 232,353 1. 18,53 11, 467+59] 1.017403.1 L 1,863 J.6E
338.9 38,731 19,565 | B.90I+78 ] 1.6L7+13 1.55 J21.7%
342.5 T7.2%1 L ZLe%4 | 5.H55F 2.582413 1.57 [23.5E
345,35 35.538 21440 | 3.63T+38 ] 3.9C240 2 1.59 [24.52
347.3 32.325 F2 B2 | 2LLTEFIG ] FL3T0+23 1.77 ]25.2¢C
348,53 31.578 22.59 | 1.73E+08 | B4B37+L3 1,77 |Z28.1%
2485 29,474 L.2L.,85. ] 1 208408 ] L.Z2E3424. 3T h 3000
3503 27,403 FR.U3 | 8.T775427 ] 1.8FI#2 4 1.71 |32.32
350473 25.473 2Ba31 | B.B3E427 | Z.ELZ40 % 1.71 35441
350,10 23,725 36,38 [ 5.005+37 | 2.962+04 1,71 |35.45
35G.0 2242055, 32,75 | 3.80E+407 | 3.77Z¢04 1e74 . 141430
3500 1.37E-15 421, 20.925 35.36 | 3. 0BE+C07 | 4e77Z40 4 1.71 [44,357
_.350.1. BalbE~L1E | . 4374 ] 184872 ] 3BaL | 2.47E%0T | 1471 .J46.08
35C.7 E.322~156 442, 13.524% 46,97 | 2. 30E+TT 1,71 JW3.50
355,93 4,995~148 450 . 182351 | 43 78] L. BLE+DT 1.71 |5L407
35C.0 L,30E-16 455, 17.823 46440 | 1.355+07 1.71 |52.87
350440 ] 5.425-12 ] 3.2L2-15 42 174612 ] 48484 [1.12E+37 171 [54.51
35%.0 | 4.52E~10 | Z£4606F-16 466, 17093 S1.01 | 9.355+718% 1.71 |55.72
3%0.0 ] 3.79E-10 | 2.13E-16 459, 15.845 52.92 | 7.P4Z+10 1.71 |56.84
350.7 1.825-16 472 164635 54,57 | 6.53E408 1.71 [57.82
35240 1.522-1% 474, 15452H ] $5.99 ] 5«545+38 .71 [53.63
35043 ] 2420Z-13 ] 1.27E~16 475, 16.359 57.20 | 4. BAC+TE 1,71 |79.3¢
35C.0 ] 1.918-13 | 1.472-158 477 16,298 .| 58423 3355476 1.71 |83.42
35C. 1] 1.52E~13 ] $.337-17 473, t6.222 | 59.12 ] 3.35E+78 1,71 163,51

*A one-or two-digit number {preceded by E and a plus or minus sign} following an entry indicates the power of ten
by which that entry should be multiplied.
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TABLE 4.%

"3 MARS ATMOSPHERE (MODEL 11) (LOW TEMPERATURE PROFILE).
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TABLE 5.*
1974 MARS ATMOSPHERE (MODEL I11) (HIGH TEMPERATURE PROFILE).

Density Mean Prassure
Tempera- Speed Scale Number Froe Wiscosity Scole
Altitude wre Pressure Density of Sound Maolecutar Height Density Path {hgim - s}}  Height
{kmi {¥1 {mb} {gfem®} {mist Weight ikm} fem 3 im} {E + & {km}
-15. | 295,011, 820314 1 31505} E5 3 34 1848 Fax N
-8 ZBT. 5 255, L3. 834 16,33 2.2 1,62 Jlre.sl
-5 2723 2532, 43,824 LBL10 0 F 2.1 i 1233 135,13
-i 271.0 259, 3,820 17.32 a7 1.3% §13.80
-2 250,53 255, 43,328 F18.13 ] 1.E g 1a 2% 134,28
2 255.% 252, %3 15,35 Tete 1.25 (1371
2 245.5 . o Z4Ba ] 834336 f 18488 | L2 1,22 137,54
& E37.5 2hb, £3,32% 1527 1.1 1.1% 112,15
& 22%.0 Zhde. ) 330825 O] 16,980 9.8 _ L1.15 J11.T73.
& 232045 [ 2.565+03 | £.125~05 235, 43,824 16,55 Bal 11.32
i3 213,55 ] 2. L6E+G3] 5.232-46 233..- | 534884 13,384 7.2 1I.%E
is 198.5 | 1. 338430 ] 2.585-08 225, 43,324 12+89 L, 2 1322
_za_ 1l 18s5.¢ =01 3 : 10,82 o1 ds.z
25 181,00 & 775-01 9,88 1.3 3437
3% 175.5 Z.51 § 1.1 3.1l
35 1713 Gs a0 5.7 8,91
43 1588.5 $.35.3 3.9 2LFC .
43 1582.4 Fe91 242 Lt ]
S0} 157.0.-12.7 - 2.¥7L § 1.2 - BeE3
55 1325 By i Tel 2534
84 145,10 E«21.] 2.9 Fe82
&% 143,43 EL G0 2ol 7LRE
7z 138.5 T2 141 L T35
75 P30 .50 5.8 Taie
8% 129.3% L Fe27i-1 2.9 [EE-TH A
&5 127,18 Talh Le 3
33 122.%2 &1 22 E 2
25 123, Feb3 3. by i
: 14045 L 1.1
1396.7% z 43
120 2308 -4 3
13% 375.3 L 3.2
1482 417, 3 2 Sak
152 G473 1 Tt
154 458,30 z 1.3
i7¢ LHEeT 7 18
138 47654 3 5 2.7
13z 482.7 3 3.%
Z0G 438,10 2 Se2
Z1g 589,10 Z. Tei
223 4513 1 @.Z
233 433.3 127 a2 3
240 1 A3E.T Q.92Z+28 1 L.5 a3
238¢ 4975 | 3.%05-03 36. 31 FTLB5E4IR ] 1.9 c3 2533 ] 45,35
250 435,35 | 4« 358-03 FRLAB_ ] 5LITE+TE] 2.4 334 2.33.] 8,19
27¢ 5004 S.15T+ 58] Z2.357+33 2.34 1 51,15
238 535.3 245 33} Z2.3% | BA.LLL
230 S1L.0 LY 13 Ze3b | 57417
335 SGL.L0 5ol 2 Za 3k E2a13
ES4: S3C.1 5.3 L3 2,34} B3.07
224 5303 XS =3 223 | EELET
334 500.7 §1.365-038 3. i3 2234 | 53,35
3ud 530.0 }1.132-33 £ 231 2.3k ] 71.E5 -
350 5103 4y 33215 i8.350 e 3 2+35 ] 73.35
3&6 5360 15. 130 is ih 2235 ] T35
370 50841 17.773 1. 14 2,34} F7.35
33 5502 17,433 1s TG4 F_ Ze3% ] 7318
30 R DR 17,237 1. Sk 236 52.83
45z sai. 2 17,232 Za s Ze3n ] BZ.03
L1g 58C.C 15,352 2 RES 2.3 ] R1,3L0
4Z5 500,34 5 BEN 3 Bu b5
430 S00.0 2 s 2,361 33,49
YL 53¢ 0 3. I 2236 ] B5.4E,
453 58037 ER R 2.3 ] 87,33
450 580.39 . £ 34 _J __2.3n}] 35,15 .
470 500.0 EELN 154239 be Su 2,341 98,91
480 53843 365§ 18.252..4 ECPE RN W Z.34 § 88,63
L34 5102 365 16.212 SL7EIfIG 2e 34 f 93432
540 516,10 565, L 1E.173 L  BekZIrlda J 2434 31.97
510 500.0 S.T1I-18 357, 15,131 TelESrli 22341 91.50
520 56L.C 5,11£~16 567« 16.127 7L9EI0L 1 2.341 92,23
32 538.0 3 i& 35T 15.107 RS- XN
543§ 530.5% 563, ..} 15.58% -33.37
&5 SO0.0 588, 1B, 374 $3.93
b1 S0C.3 358, 18451 EL TS
574 5862 367, 160537 33.33
=3¢ 53%.2 569 18,053 9537
i F30.3 F63. 15,7331 95.11
86T 56%.. 18,325 F5.54
334 F5%. 15,315 97.17
5230 S59. 154323 G7a7L
834 359, 16,301 38,23
54T 359, 15393 [ELTS
&% 573, 15.987 33528
558 373a— - 1T38Z- 93,31
&7C 370« 15,975 158,37
588 2.515-13 573, 15970 152,88

*A one-or two-digit number {preceded by E and a plus or minus sign) following an entry indicates the power of ten
by which that entry should be multiplied
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TABLEG.”
4 MARS ATMOSPHERE (MODEL 1V)

(TYPICAL DUSTY ATMOSPHERE TEMPERATURE PROFILE).
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SP-8037 Assessmient and Control of Spacecraft Magnetic Fields, September
1970

SP-5035 Meteoroid Eavironment Model 1970 tInterplunctury and Planctary),
October 1970

SP-3049 The Farth’s fonosphere, March 1971

SP-80067 Fuarth Albedo and Emitted Radiation, July 1971

SP-806Y The Planet Jupiter £1970)., December 1971

SP-8084 Surface Atmospheric Fxtremes (Launch and Transportation Areas).
revised dune 1974

SP-8085 The Planet Mercury (1971), March 1972

SP-80U1 The Planet Saturn (1970, June 1972

SP-8092 Assessment and Control of Spavecraft Blectromagnetic Interference,

June 1972
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SP-8103
SP-8105

SP-8111

STRUCTURES

SP-9011

SP-8002

SP-8003
SP-8004

SP-8006

Sp-8007
SP-8008
SP-8009
SP-8012
SP-8014
SP-8019
SP-8022

SP-8029

SP-8031
SP-8032
SP-8035
SP-8040

SP-8042

The Planets Uranus, Neptune, and Pluto (1971), November 1972
Spacecraft Thermal Control, May 1973

Assessment and Control of Electrostatic Charges, May 1974

Buffeting During Atmospheric Ascent, revised November 1970

Flight-Loads Measurements During Launch and Exit, revised June
1972

Flutter, Buzz, and Divergence, July 1964
Panel Flutter, revised June 1972

Local Steady Aerodynamic Loads During Launch and Exit, May
1965

Buckling of Thin-Walled Circular Cyclinders, revised August 1968
Prelaunch Ground Wind Loads, November 1965

Propellant Slosh Loads, August 1968

Natural Vibration Modal Analysis, September 1968

Entry Thermal Protection, August 1968

Buckling of Thin-Walled Truncated Cones, September 1968
Staging Loads, February 1969

Aerodynamic and Rocket-Exhaust Heating During Launch and
Ascent, May 1969

Slosh Suppression, May 1969

Buckling of Thin-Walled Doubly Curved Shells, August 1969
Wind Loads During Ascent, June 1970

Fracture Control of Metallic Pressure Vessels, May 1970

Meteoroid Damage Assessment, May 1970
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SP-8043
SP-5044
SP-8045

SP-8046

SP-8050

SP-8053

SP-5054

SP-8053

SP-8060

SP-8061

SP-5062

SP-8063

SP-8066

SP-8068

SP-8072

SP-8077

SP-8079

SP-8082

SP-8083

SP-8093

Design Development Testing, May 1970
Oualification Testing, May 1970
Acceptance Testing, April 1970

Lunding Impact Attenuation for Non-Surface-Planning  Landers.
Apri 1970

Structural Vibration Prediction, June 1970
Nuclear and Space Radiation Ffiects on Materials, June 1970
Space Radiation Protection, June 1970

Prevention of Coupled  Structure-Propulsion  Instability  (Pogo),
October 1970

Flight Scparation Mechanisms, October 1970

Structural Design Criteria Applicable to a Space Shuttle. revised
March 1972

Compartment Venting, November 1970

Interaction with Umbilicals and Launch Stand. August 1970
Entry Gasdynamic Heating, January 1971

Lubrication, Friction, and Wear, June 1971

Deployable Acrodynamic Deceleration Systems. June 1971
Buckling Strength of Structural Plates, June 1971

Acoustic Loads Generated by the Propulsion System, June 1971
Transportation and Handling Loads, September 1971
Structural Interaction with Control Svstems, November 1971
Stress-Corrosion Cracking in Metals, August 1971
Discontinuity in Metallic Pressure Vessels, November 1971

Preliminary Criteria for the Fracture Control of Space Shuttle Strue-
tures. June 1971



SP-8099 Combining Ascent Loads, May 1972
GUIDANCE AND CONTROL

SP-8015 Guidance and Navigation for Entry Vehicles, November 1968

SP-8016 Effects of Structural Flexibility on Spacecraft Control Systems,
April 1969

SP-8018 Spacecraft Magnetic Torques, March 1969

SP-8024 Spacecraft Gravitational Torques, May 1969

SP-8026 Spacecraft Star Trackers, July 1970

SP-8027 Spacecraft Radiation Torques, October 1969

SP-8028 Entry Vehicle Control, November 1969

SP-8033 Spacecraft Earth Horizon Sensors, December 1969

SP-8034 Spacecraft Mass Expulsion Torques, December 1969

SP-8036 Effects of Structural Flexibility on Launch\f’ehicle Control Systems,
February 1970

SP-8047 Spacecraft Sun Sensors, June 1970

SP-8058 Spacecraft Aerodynamic Torgues, Jannary 1971

SP-8059 Spacecraft Attitude Control During Thrusting Maneuvers, February
1971

SP-8065 Tubular Spacecraft Booms (Extendible, Reel Stored), February 1971

SP-8070 Spaceborne Digital Computer Systems, March 1971

SP-8071 Passive Gravity-Gradient Libration Dampers, February 1971

SP-8074 Spacecraft Solar Cell Arrays, May 1971

SP-8078 Spaceborne Electronic Imaging Systems, June 1971

SP-8086 Space Vehicle Displays Design Criteria, March 1972

SP-8096 Space Vehicle Gyroscope Sensor Applications, October 1972

49



SP-E098 Effects of Structural Flexibility on Entry Vehicle Control Systems,
June 1972

SP-8102 Space Vehicle Accelerometer Applications, December 1972
CHEMICAL PROPULSION

SP-8025 Solid Rocket Motor Metal Cases, April 1970

SP-8039 Solid Rocket Motor Performance Analysis and Prediction, May 1971

SP-8041 Captive-Fired Testing of Solid Rocket Motors, March 1971

SP-8048 Liquid Rocket Engine Turbopump Bearings, March 1971

SP-8051 Solid Rocket Motor Igniters, March 1971

SP-8052 Liguid Rocket Engine Turbopump Inducers, May 1971

SP-8064 Solid Propeliant Selection and Characterization, June 1971

SP-8073 Solid Propellant Grain Structural Integrity Analysis, June 1973

SP-8G75 Solid Propellunt Processing Factors in Rocket Motor Design, October
1971

5P-8076 Solid Propellant Grain Design and Internal Ballistics, March 1972

SP-8080 Liquid Rocket Pressure Regulators, Relief Valves, Check Valves,
Burst Disks, and Explosive Valves, March 1973

SP-8081 Liquid Propellant Gas Generators, March 1972

SP-8087 Ligquid Rocket Engine Fluid-Cooled Combustion Chambers, April
1972

SP-8088 Liquid Rocket Metal Tunks and Tunk Components, May 1974

SP-E0%0 Liquid Rocket Actuators and Operators, May 1973

SP-8094 Liquid Rocket Valve Components, August 1973

SP-8097 Liquid Rocket Valve Assemblics, November 1973

SP-8100 Liguid Rocket Engine Turbopump Gears, March 1974

SP-8101 ié{;iiié Rocket Engine Turbopump Shafts and Couplings, September
1972

5P-8110 Liquid Rocket Engine Turbines, January 1974
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